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Objective: Hypoxia-inducible factor-2a (HIF-2a) transcriptionally upregulates Nampt in articular chon-
drocytes. NAMPT, which exhibits nicotinamide phosphoribosyltransferase activity, in turn causes oste-
oarthritis (OA) in mice by stimulating the expression of matrix-degrading enzymes. Here, we sought to
elucidate whether HIF-2a activates the NAMPT-NADþ-SIRT axis in chondrocytes and thereby contributes
to the pathogenesis of OA.
Methods: Assays of NAD levels, SIRT activity, reporter gene activity, mRNA, and protein levels were
conducted in primary cultured mouse articular chondrocytes. Experimental OA in mice was induced by
intra-articular (IA) injection of adenovirus expressing HIF-2a (Ad-Epas1) or NAMPT (Ad-Nampt). The
functions of SIRT in OA were examined by IA co-injection of SIRT inhibitors or adenovirus expressing
individual SIRT isoforms or shRNA targeting speciﬁc SIRT isoforms.
Results: HIF-2a activated the NAMPT-NADþ-SIRT axis in chondrocytes by upregulating NAMPT, which
stimulated NADþ synthesis and thereby activated SIRT family members. The activated NAMPT-SIRT
pathway, in turn, promoted HIF-2a protein stability by negatively regulating its hydroxylation and 26S
proteasome-mediated degradation, resulting in increased HIF-2a transcriptional activity. Among SIRT
family members (SIRT1e7), SIRT2 and SIRT4 were positively associated with HIF-2a stability and tran-
scriptional activity in chondrocytes. This reciprocal regulation was required for the expression of cata-
bolic matrix metalloproteinases (MMP3, MMP12, and MMP13) and OA cartilage destruction caused by IA
injection of Ad-Epas1 Ad-Nampt.
Conclusion: The reciprocal regulation of HIF-2a and the NAMPT-NADþ-SIRT axis in articular chondrocytes
is involved in OA cartilage destruction caused by HIF-2a or NAMPT.
© 2015 The Authors. Published by Elsevier Ltd and Osteoarthritis Research Society International. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Osteoarthritis (OA) is caused by mechanical stresses, including
joint instability and injury, and factors that predispose toward OA,
such as aging. These factors lead to the activation of biochemical
pathways in chondrocytes that result in degradation of theo: J.-S. Chun, School of Life
y, Buk-Gu, Gwangju 500-712,
04.
r Ltd and Osteoarthritis Research Sextracellular matrix by matrix metalloproteinases (MMPs) and
aggrecanases (ADAMTS)1e3. We have previously shown that among
potentially relevant biochemical pathways, the zinc-ZIP8-MTF1
axis4 and hypoxia-inducible factor (HIF)-2a (encoded by Epas1)5e7
are important catabolic regulators of OA cartilage destruction that
act by upregulating chondrocyte expression of matrix-degrading
enzymes. Our previous study also demonstrated that the Nampt is
a direct target gene of HIF-2a in OA chondrocytes8. NAMPT func-
tions as both an intracellular form (iNAMPT) and an extracellular
form (eNAMPT or visfatin). eNAMPT acts as an adipokine, whereas
the nicotinamide phosphoribosyltransferase enzymatic activity of
iNAMPT regulates salvage pathways of NADþ synthesis9,10. Bothociety International. This is an open access article under the CC BY-NC-ND license
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degrading enzymes MMP3, MMP12, and MMP13 in chondrocytes,
an action that is necessary for HIF-2a-induced OA cartilage
destruction8. Gain-of-function studies involving intra-articular (IA)
injection of an adenoviral expression construct for NAMPT (Ad-
Nampt) and those using Col2a1-Nampt transgenic mice, as well as
loss-of-function studies (i.e., IA injection of the NAMPT inhibitor
FK866), have demonstrated that iNAMPT is an essential catabolic
regulator of OA pathogenesis8.
NAMPT enzymatic activity stimulates the synthesis of NADþ,
which is an essential cofactor of sirtuin (SIRT) protein deacety-
lases9,10. SIRT regulates gene expression by modulating chromatin
function through direct deacetylation of histones and transcription
factors10e12. Therefore, it is likely that HIF-2a-induced NAMPT
expression causes NADþ synthesis and thereby stimulates SIRT ac-
tivity. The mammalian SIRT family is composed of seven members,
SIRT1e7, with different subcellular localization patterns and enzy-
matic activities11. In this study, we examined whether HIF-2a reg-
ulates the NAMPT-NADþ-SIRT axis and thereby contributes to the
pathogenesis of OA. We report that reciprocal regulation of HIF-2a
and the NAMPT-NADþ-SIRT axis in articular chondrocytes is
involved in theOAcartilagedestruction caused byHIF-2a orNAMPT.
Materials and methods
Experimental OA and histology
All animal experiments were approved by the Gwangju Institute
of Science and Technology Animal Care and Use Committee.
Experimental OA was induced by IA injection in 10-week-old male
mice (once weekly for 3 weeks) of adenovirus expressing HIF-2a
(Ad-Epas1) or NAMPT (Ad-Nampt) (1  109 plaque forming units
[PFUs]), with or without the SIRT inhibitor nicotinamide (300 mg/kg
body weight) or EX527 (1.25 mg/kg body weight)12,13, or adenovirus
expressing SIRT1 (Ad-Sirt1) or SIRT2 (Ad-Sirt2); IA injection of empty
adenovirus (Ad-C) was used as a control4e8. Mice were sacriﬁced 21
days after the ﬁrst IA injection for histological and biochemical an-
alyses. Cartilage destruction was scored using Mankin's method14.
Cartilage sections were immunostained for the indicated proteins
using antibodies described in Supplementary Data.
Primary chondrocyte culture, adenovirus infection, expression
vector transfection, and reagent treatment
Chondrocytes were isolated from femoral condyles and tibial
plateaus of mice, as described previously4e8. The cells were main-
tained in Dulbecco's Modiﬁed Eagle's Medium supplemented with
10% fetal bovine serum and antibiotics. Cells on culture day 3 were
infected with adenoviruses or were treated with the indicated re-
agents. Chondrocytes were infected for 3 h with adenoviral
expression vectors for mouse HIF-2a (Ad-Epas1), NAMPT (Ad-
Nampt), SIRT1 (Ad-Sirt1) or SIRT2 (Ad-Sirt2) (Vector Biolabs, Phil-
adelphia, PA) at the indicated multiplicity of infection (MOI), or
were transfected with expression vectors for Epas1, individual Sirt
expression vectors (Origene, Rockville, MD) or DEpas1 (Addgene,
Cambridge, MA), a mouse Epas1mutant containing substitutions at
three hydroxylation sites (P405A, P530V, N851A), using Lipofect-
amine 2000 (Invitrogen). Cells were cultured in complete medium
for 24 h prior to further use. To evaluate a role of 26S proteasomal
pathway in the regulation of HIF-2a protein stability, Ad-Epas1
infected chondrocytes were cultured for 36 h, treated with NAMPT
inhibitor (FK866) or SIRT inhibitors (nicotinamide and EX527)12,13
for additional 36 h, and the cells were exposed for the last 8 h of
culture to MG132 or PS-341 to inhibit 26S proteasomal pathway or
dimethyloxalylglycine (DMOG) to inhibit hydroxylase activity.Reverse transcription-polymerase chain reaction (RT-PCR) and
siRNA
Conventional RT-PCR and quantitative RT-PCR (qRT-PCR) were
performed as described previously4e8. PCR primers and conditions
are described in Supplementary Table 1. The siRNAs for Sirt1, Sirt2,
Sirt3, and Sirt4 genes were purchased from Santa Cruz Biotech-
nology Inc. (Santa Cruz, CA). Non-silencing (scrambled) siRNA was
used as a negative control. Chondrocytes cultured for 60 h were
transfected for 6 h with siRNA using Lipofectamine 2000
(Invitrogen)4e8.
Immunoprecipitation and Western blotting
Total cell lysates were prepared in lysis buffer (150 mM NaCl, 1%
NP-40, 50 mM Tris, 5 mM NaF) and used for Western blotting. For
nuclear proteins, lysates were prepared using the above-described
lysis buffer additionally containing 0.5% sodium deoxycholate. For
detection of acetylated proteins, deacetylase inhibitors (5 mM tri-
chostatin A, 5 mM nicotinamide) were included in lysis buffers. All
lysis buffers contained a cocktail of protease inhibitors and phos-
phatase inhibitors. The acetylation status of HIF-2a was detected
using HIF-2a immunoprecipitated from nuclear extracts, prepared
using a nuclear extraction kit (Thermo Scientiﬁc, Hudson, NH). For
immunoprecipitations, extracts were incubated with an anti-HIF-
2a antibody for 12 h at 4C and precipitated with Dynabeads Pro-
tein G (Invitrogen). Aliquots were immunoblotted for HIF-2a and
acetyl lysine. Ubiquitinated HIF-2awas detected by ﬁrst lysing cells
in the above lysis buffer supplemented with 0.5% sodium deoxy-
cholate and 10 mM N-ethylmaleimide to inhibit ubiquitin-
conjugating enzymes. HIF-2a was then immunoprecipitated from
200 mg of total cell lysates, and proteins in immunoprecipitates
were resolved by SDS-PAGE, transferred to nitrocellulose mem-
branes, and then incubated in denaturing buffer (6 M guanidine-
HCl, 20 mM TriseHCl pH 7.5, 5 mM b-mercaptoethanol, 1 mM
phenylmethylsulfonyl ﬂuoride) for 30 min at 4C. HIF-2a and
ubiquitin were detected by Western blotting. Antibody sources are
described in Supplementary Data.
HIF-2a reporter gene assay
The HIF-2a promoter-reporter gene was constructed in a pGL3
vector by inserting four tandem repeats of the HIF-2a-binding
oligonucleotide, 50-GATCGCCCTACGTGCTGTCTCA-30, into the up-
stream region of the SV40 promoter. Chondrocytes were trans-
fected for 3 h with the HIF-2a promoter-reporter gene (1 mg) and a
b-galactosidase expression vector (0.1 mg) using Lipofectamine
2000. Transfected cells were infected with Ad-Epas1 for 3 h and
then treated with the indicated concentrations of FK866, nicotin-
amide or EX527. Cells were harvested 36 h after treatment, and
luciferase activity was measured and expressed relative to b-
galactosidase activity to normalize for transfection efﬁciency5e7.
Assays of NAD production and total SIRT deacetylase activity
Intracellular NADþ and total NAD (NADþ and NADH) levels were
determined using a colorimetric NAD/NADH quantiﬁcation kit
(BioVision Inc., Milpitas, CA). Brieﬂy, chondrocytes were extracted
in NAD/NADH extraction buffer. One half of the lysate was used to
determine total NAD concentration; the remainder was heated to
60C for 30 min and used to determine NADH concentration. The
reactions were prepared in 96-well plates and read at an optical
density of 450 nm. NADþ concentration was determined by sub-
tracting NADH concentration from total NAD concentration. Total
SIRT deacetylase activity was determined using a colorimetric assay
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using lysis buffer (2 mM TriseHCL pH 8.0, 100 mM NaCl, 1 mM
EDTA, 0.5% NP-40) supplemented with 1 mM trichostatin A, 10 mM
dithiothreitol, and phosphatase and protease inhibitors. Lysates
(2.5 mg) were incubated with 1 ml of SIRT substrate at 37C for 1 h.
The samples were sequentially incubated with capture and detec-
tion antibodies, and allowed to undergo a 10-min colorimetric re-
action with tetra-methylbenzidine substrates. Following
incubation, the reaction was stopped by the addition of H2SO4, and
absorbance at 450 nmwasmeasured using a VERSAmaxmicroplate
reader (Molecular Devices, Sunnydale, CA), with reference absor-
bance at 655 nm.
Statistical analysis
For cell-based in vitro study, a set of litters (generally 10) was
sacriﬁced and the collected femoral condyles and tibial plateaus
were used for each independent primary culture of chondrocytes.
Any experimental data from this culture was counted as one in-
dependent trial. Therefore, the n numbers in each experiment
represent the number of independent primary culture performed,
which was used to calculate the average and standard error and
perform statistical analysis. Normal distribution of acquired data
was conﬁrmed with the ShapiroeWilk test. For all qRT-PCR data
and enzymatic activity assays, two-way analysis of variance
(ANOVA) with post-hoc tests (LSD) was used. Signiﬁcance was
accepted at the 0.05 level of probability (P < 0.05). For animal-based
in vivo experiments, each independent trial was conducted from an
individual mouse. For each animal, at least three slides spanning
the medial tibial plateaus in knee joints were used for histological
analysis. Themost advanced lesion in these serial sections of medial
tibial plateaus was selected for further data quantiﬁcation. Cartilage
destruction and synovitis were scored based on discrete grading
systems such as Mankin's score. Collected data from laboratory
experiments on mice were analyzed using a non-parametric sta-
tistical method, theMann-Whitney U test or KruskaleWallisH-test.
Results
HIF-2a activates the NAMPT-NADþ-SIRT axis in articular
chondrocytes
To examine whether HIF-2a regulates the NAMPT-NADþ-SIRT
axis, we used primary cultured mouse articular chondrocytes
overexpressing HIF-2a through Ad-Epas1 infection. Consistent with
our previous report8, HIF-2a overexpression in articular chon-
drocytes caused upregulation of NAMPT at both transcript and
protein levels [Fig. 1(A)]. Adenoviral-mediated overexpression of
HIF-2a or NAMPT also caused a signiﬁcant increase in NADþ and
total NAD levels, effects that were markedly reduced by inhibition
of NAMPT with FK866 [Fig. 1(B)]. Overexpression of HIF-2a or
NAMPT also increased total SIRT deacetylase activity; this increase
was also signiﬁcantly reduced by inhibition of NAMPT with FK866
or SIRT with nicotinamide or EX527 [Fig. 1(C)]. Thus, our results
conﬁrm HIF-2a activation of the NAMPT-NADþ-SIRT axis in artic-
ular chondrocytes.
The NAMPT-NADþ-SIRT axis regulates HIF-2a protein stability and
transcriptional activity
Among SIRT family members, SIRT1 is known to deacetylate HIF-
2a, and thereby stimulate its transcriptional activity, in Hep3B and
HEK293 cells15,16. However, we found no evidence in chondrocytes
for a change in acetylation status of overexpressed HIF-2a, with or
without inhibitors/activators of NAMPT or SIRT [Fig. 2(A)]. Incontrast, HIF-2a transcriptional activity was signiﬁcantly attenuated
by inhibition of NAMPT with FK866 or inhibition of SIRT with
nicotinamide or EX527, andwas enhanced by activation of SIRTwith
resveratrol [Fig. 2(B)]. Western blot analysis [Fig. 2(C)] and immu-
noﬂuorescence microscopy [Fig. 2(D)] revealed that changes in HIF-
2a transcriptional activity were correlated with HIF-2a protein
levels: inhibition of NAMPT or SIRT reduced HIF-2a protein levels,
whereas activation of SIRT increased them. HIF-2a mRNA levels
were not affected by NAMPT or SIRT inhibitors [Fig. 2(C)], indicating
post-transcriptional regulation of HIF-2a protein levels. Although
resveratrol is nonspeciﬁc and not a direct activator of SIRT12,13, its
effects are opposite to SIRT inhibitor EX527 or NAMPT inhibitor
FK866, suggesting that its effect may due to activation of SIRT.
To elucidate the mechanisms involved in regulating HIF-2a
protein levels, we examined the proteasomal degradation pathway.
Inhibition of the 26S proteasome pathway with MG132 caused a
dramatic increase in overexpressed HIF-2a [Fig. 3(A)], indicating
that HIF-2a protein levels are regulated by the 26S proteasomal
degradation pathway. Additionally, inhibition of the 26S protea-
some with MG132 [Fig. 3(B)] or PS-341 [Fig. 3(C)] prevented the
reduction in HIF-2a protein levels caused by inhibition of NAMPTor
SIRT without affecting HIF-2a mRNA levels. Furthermore, HIF-2a
was ubiquitinated, an effect that was further enhanced by inhibi-
tion of NAMPT or SIRT [Fig. 3(D)]. This is consistent with the
observed changes in HIF-2a protein levels.
HIF-2a proteasomal degradation is regulated by prolyl-4-
hydroxylase domain (PHD) proteins, which hydroxylate HIF-2a
leading to its ubiquitination17. Consistent with this, inhibition of
hydroxylase activity with DMOG18 reversed the effect of NAMPT or
SIRT on HIF-2a, restoring HIF-2a protein to levels comparable to
those in controls [Fig. 4(A)]. Furthermore, whereas inhibition of
NAMPT or SIRT caused proteasomal degradation of wild-type HIF-
2a [Fig. 4(B)], HIF-2a mutated at hydroxylation sites (DEpas1) was
not degraded following inhibition of SIRT with nicotinamide or
EX527 [Fig. 4(C)]. Interestingly, however, inhibition of NAMPT with
FK866 caused effective degradation of the mutated HIF-2a
[Fig. 4(C)], suggesting that SIRT, but not NAMPT, regulates
hydroxylation-dependent HIF-2a degradation. In unstimulated
chondrocytes, mRNA levels of the PHD2 isoform were the most
abundant, whereas expression of PHD3 was minimal [Fig. 4(D)].
HIF-2a overexpression did not modulate the expression of PHD1.
PHD2 expression was slightly increased by HIF-2a overexpression,
whereas PHD3 expression was signiﬁcantly enhanced [Fig. 4(D)].
The increase in PHD3 protein levels induced by HIF-2a over-
expressionwas reduced by inhibition of NAMPTwith FK866 or SIRT
with nicotinamide or EX527 [Fig. 4(D)]. This increase in PHD3 levels
following HIF-2a overexpression is consistent with previous re-
ports of negative feedback regulation during proteasomal degra-
dation of HIF-a19,20. In contrast to PHD3, PHD2 protein levels were
markedly increased by inhibition of NAMPT with FK866 or inhibi-
tion of SIRT with nicotinamide or EX527 [Fig. 4(D)]. The increase in
PHD2 protein is likely involved in the increased hydroxylation, and
thereby enhanced proteasomal degradation, of HIF-2a. Indeed,
other reports indicate that PHD2 is involved in HIF-a hydroxyl-
ation20,21. Therefore, it is likely that PHD2 is the main isoform that
regulates HIF-2a hydroxylation in articular chondrocytes. Taken
together, these results indicate that NAMPT and SIRT activities are
necessary for HIF-2a protein stability by virtue of their ability to
negatively regulate hydroxylase activity.
SIRT activity is necessary for the OA pathogenesis caused by HIF-2a
and NAMPT
The signiﬁcance of NAMPT and SIRT regulation of HIF-2a sta-
bility and transcriptional activity in OA pathogenesis was
Fig. 1. HIF-2a activates the NAMPT-NADþ-SIRT axis. (A) Representative RT-PCR gels and Western blots from more than six independent experiments using different sets of primary
cultures of chondrocytes untreated (None) or infected with empty virus (Ad-C; 800 MOI) or Ad-Epas1 at the indicated MOI. (B and C) Chondrocytes were left untreated (None) or
were infected with Ad-C (800 MOI) or Ad-Epas1 or Ad-Nampt at the indicated MOI, and incubated with or without FK866 (100 mM), nicotinamide (NIC; 15 mM) or EX527 (100 mM).
NADþ and total NAD levels (B) and total SIRT activity (C) were determined (n  6). Values are presented as means ± S.E.M (*P < 0.01, **P < 0.001).
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esis of experimental OA induced by Ad-Epas1 or Ad-Nampt injec-
tion. Similar to the inhibition of cartilage destruction by FK8668, IA
injection of the SIRT inhibitor nicotinamide or EX527 signiﬁcantly
blocked the induction of cartilage destruction by Ad-Epas1 or Ad-
Nampt [Fig. 5(A)]. Immunostaining of cartilage sections revealed
that the increases in MMP3 and MMP13 protein levels induced by
Ad-Epas1 or Ad-Nampt were also blocked by IA co-injection of
EX527 [Fig. 5(B)]. Consistent with this, qRT-PCR analyses revealed
that inhibition of SIRT with nicotinamide or EX527 blocked the
upregulation of matrix-degrading enzymes (MMP3, MMP9,
MMP12, andMMP13) in primary cultured chondrocytes induced by
HIF-2a or NAMPT [Fig. 5(C)]. IA injection of the SIRT inhibitor alsoFig. 2. The NAMPT-NADþ-SIRT axis regulates the stability and transcriptional activity of HI
Epas1 at the indicated MOI and then treated with FK866 (FK; 100 mM), nicotinamide (NIC; 15
the last 8 h of culture. HIF-2a and acetylated lysine (Ac-Lys) were detected by Western analy
Epas1 (800 MOI) and then treated with the indicated concentrations of FK866, nicotinamide
protein levels (C), and HIF-2a immunoﬂuorescence microscopy (D) are shown. Representat
using different sets of primary cultures. Values in B are presented as means ± S.E.M (n  6;blocked the synovial inﬂammation induced by Ad-Epas1 or Ad-
Nampt [Supplementary Fig. 1]. Taken together, these results indi-
cate that SIRT activity is necessary for the OA cartilage destruction
caused by HIF-2a and NAMPT.
Differential role of SIRT isoforms in the regulation of HIF-2a stability
and transcriptional activity
We next determined which SIRT isoforms are involved in HIF-2a
regulation. Among SIRT family members, SIRT2 was found to be the
most abundant in chondrocytes [Fig. 6(A)]. Although HIF-2a and
NAMPT activated SIRT deacetylase activity [Fig. 1(C)], mRNA levels
of SIRT family members were not changed by overexpression ofF-2a. (A) Chondrocytes were left untreated (None) or were infected with Ad-C or Ad-
mM), resveratrol (Res; 100 mM), Ad-Nampt (Ad-N; 800 MOI), or MG132 (MG; 1 mM) for
sis of HIF-2a immunoprecipitates. (BeD) Chondrocytes were infected with Ad-C or Ad-
(NIC), EX527, or resveratrol (Res) for 36 h. HIF-2a reporter gene activity (B), mRNA and
ive images are presented in A, C and D from more than six independent experiments
*P < 0.0005, **P < 0.00005).
Fig. 3. The NAMPT-SIRT pathway regulates proteasomal degradation of HIF-2a. (A) Chondrocytes were infected with Ad-C or Ad-Epas1 at an MOI of 800. HIF-2a protein was detected
by Western blotting in chondrocytes treated with MG132 for 8 h. (B and C) Chondrocytes were infected with Ad-Epas1 for 36 h and then treated with FK866, nicotinamide (NIC), or
EX527 for additional 36 h. MG132 (B) or PS-341 (C) was included for the last 8 h of culture to inhibit the 26S proteasomal pathway. HIF-2amRNA and protein levels were detected by
RT-PCR andWestern blotting, respectively. (D) Chondrocytes were left untreated (None) or were infected with Ad-C or Ad-Epas1 at an MOI of 800 for 16 h in the presence or absence of
the indicated concentrations of FK866 or nicotinamide (NIC), and then treated with MG132 for an additional 8 h. HIF-2a and ubiquitinated (Ub) HIF-2a were detected by Western
analysis of HIF-2a immunoprecipitates. Representative images are presented from more than six independent experiments using different sets of primary cultures.
Fig. 4. The SIRT pathway regulates HIF-2a degradation via prolyl-4-hydroxylase. (A) HIF-2a mRNA and protein levels were detected in untreated chondrocytes (None) or chon-
drocytes infected with Ad-C or Ad-Epas1 (800 MOI) for 36 h in the absence or presence of FK866, nicotinamide (NIC), or EX527. DMOG at the indicated concentrations was added to
inhibit hydroxylase activity for additional 36 h. (B) Chondrocytes were left untreated (None) or were infected with Ad-C or Ad-Epas1 (800 MOI) in the absence or presence of FK866,
nicotinamide (NIC), or EX527. HIF-2a and lamin B protein levels were detected by Western blotting. (C) Chondrocytes were left untreated (None) or were transfected with empty
vector (EV) or vector expressing hydroxylation sites-mutated HIF-2a (Myc-tagged DEpas1) in the absence or presence of the indicated concentrations of FK866, nicotinamide (NIC),
or EX527. Myc-tagged HIF-2a and lamin B protein levels were detected by Western blotting. (D) Left: PHD mRNA levels determined by qRT-PCR in chondrocytes infected with Ad-C
or Ad-Epas1 (800 MOI) for 24 h. Right: Western blot detection of PHD isoforms in chondrocytes infected with Ad-Epas1 in the absence or presence of FK866, nicotinamide (NIC), or
EX527 (right). Representative images are presented from more than seven independent experiments using different sets of primary cultures. Values in D are presented as
means ± S.E.M (n ¼ 8; *P < 0.001 vs Ad-C).
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Fig. 5. SIRT activity is necessary for HIF-2a- and NAMPT-induced expression of matrix-degrading enzymes and OA pathogenesis. (A and B) Mice were IA-injected with Ad-C, Ad-
Epas1 or Ad-Nampt (1  109 PFU), and incubated with or without nicotinamide (NIC; 300 mg/kg) or EX527 (1.25 mg/kg). Representative images of cartilage sections stained with
safranin-O (left), and Mankin's method (right) from 12 different mice (A). The indicated proteins were detected by immunostaining cartilage sections (n  6). (B and C) Chon-
drocytes were left untreated (None) or were infected with Ad-C, Ad-Epas1, or Ad-Nampt at an MOI of 800 in the absence or presence of the indicated concentrations of nicotinamide
(NIC; left) or EX527 (right). Expression levels of the indicated mRNAs were quantiﬁed by qRT-PCR from more than six independent experiments using different sets of primary
cultures. Values are presented as means ± S.E.M (*P < 0.01, **P < 0.001; NS, not signiﬁcant). Scale bar: 100 mm.
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involved in the regulation of HIF-2a, we overexpressed individual
SIRT isoforms in articular chondrocytes by transfection with the
corresponding expression vectors. Overexpression of SIRT2 caused
the most marked increase in HIF-2a protein stability and tran-
scriptional activity [Fig. 6(B)]. Overexpression of SIRT4 also
increased HIF-2a protein stability and transcriptional activity, albeit
to a lesser degree [Fig. 6(B)]. In contrast, SIRT3 overexpression
caused a decrease in HIF-2a stability and reporter gene activity,
whereas overexpression of SIRT1, SIRT5, SIRT6, or SIRT7 had no
effect on HIF-2a stability or transcriptional activity [Fig. 6(B)]. These
results indicate that SIRT members display isoform-speciﬁc regu-
lation of HIF-2a stability and transcriptional activity. To further
elucidate the roles of SIRT isoforms in the regulation of HIF-2a, we
used speciﬁc siRNAs to knockdown each SIRT isoform. HIF-2a
transcriptional activity was signiﬁcantly reduced by Sirt2 knock-
down and, to a lesser degree, by Sirt4 knockdown, whereas
knockdown of Sirt3 increased it [Fig. 6(C)]. Changes in HIF-2a
transcriptional activity were correlated with HIF-2a protein levels:
knockdown of Sirt2 or Sirt4 reduced overexpressed HIF-2a protein
levels, whereas knockdown of Sirt3 increased them, without
affecting HIF-2a mRNA levels [Fig. 6(C)]. Taken together, these re-
sults suggest that both SIRT2 and SIRT4 appear to enhance HIF-2a
protein stability and transcriptional activity in chondrocytes.SIRT2 regulates HIF-2a- and NAMPT-induced OA cartilage
destruction
Based on the capacity of SIRT2 to regulate HIF-2a protein sta-
bility, we examined the role of SIRT2 in HIF-2a- and NAMPT-
induced OA cartilage destruction. As expected11, overexpressed
SIRT2was localized to the cytosol [Fig. 7(A)]. Similar to the effects of
SIRT2 overexpression produced by transfection with a SIRT2
expression vector, co-infection with Ad-Sirt2 and Ad-Epas1
enhanced HIF-2a protein stability and transcriptional activity[Fig. 7(B)]. In contrast, knockdown of Sirt2 in chondrocytes by
infection with Ad-shSirt2 reduced HIF-2a protein levels and tran-
scriptional activity [Fig. 7(C)]. Overexpression of SIRT2 alone in
joint tissues through IA injection of Ad-Sirt2 in mice did not cause
cartilage destruction [Fig. 7(D)]. However, IA co-injection of Ad-
shSirt2 with Ad-Epas1 or Ad-Nampt signiﬁcantly inhibited HIF-2a-
and NAMPT-induced cartilage destruction [Fig. 7(E)], indicating the
involvement of SIRT2 in both HIF-2a- and NAMPT-induced OA
cartilage destruction. Notably, conditional knockout of Sirt1 in
cartilage tissue did not affect HIF-2a-induced cartilage destruction
[Supplementary Fig. 2], and IA injection of Ad-Sirt1, which caused
overexpression of SIRT1 in cartilage tissue, also did not cause
cartilage destruction [Supplementary Fig. 2]. These results suggest
that SIRT1 is not involved in HIF-2a-induced cartilage destruction.Discussion
The results presented here reveal reciprocal regulation of HIF-2a
and the NAMPT-NADþ-SIRT axis in chondrocytes. We ﬁrst demon-
strated HIF-2a activation of the NAMPT-NADþ-SIRT axis, showing
that HIF-2a upregulates NAMPT, which in turn stimulates NADþ
synthesis and SIRT activation. Conversely, NAMPT/SIRT activity is
necessary for HIF-2a protein stability and transcriptional activity.
Inhibition of NAMPT or SIRT blocked HIF-2a-induced cartilage
destruction, demonstrating that this reciprocal regulation is
required for HIF-2a-induced OA pathogenesis.
HIF-2a activation of the NAMPT-NADþ-SIRT axis is expected,
given our previous observation that the Nampt is a direct target of
HIF-2a in chondrocytes8. Furthermore, NAMPT upregulation is
necessary for HIF-2a-induced expression of matrix-degrading en-
zymes and OA cartilage destruction8. The main function of NAMPT
is to stimulate the synthesis of NADþ, which is an essential cofactor
for members of the SIRT deacetylase family9,10. Indeed, over-
expression of HIF-2a or NAMPT caused NADþ synthesis and SIRT
activation in chondrocytes. More importantly, the HIF-2a-
Fig. 6. SIRT isoform-speciﬁc regulation of HIF-2a protein stability and transcriptional activity. (A) Chondrocytes were left untreated (None) or were infected with Ad-C, Ad-Epas1, or
Ad-Nampt at an MOI of 800. mRNA levels were determined by RT-PCR (left). The relative amount of SIRT mRNA in untreated chondrocytes was normalized to that of GAPDH mRNA
(right). (B) Individual SIRT isoforms were overexpressed in chondrocytes by transfection with expression vectors. Cells were infected with Ad-C or Ad-Epas1 at an MOI of 800 for
36 h. HIF-2a reporter gene activity and HIF-2a and SIRT protein levels were detected. (C) Chondrocytes were left untreated (None) or were transfected with 100 nM control siRNA
(C-siRNA) or the indicated concentrations of siRNA speciﬁc for individual SIRT isoforms. Cells were infected with Ad-C or Ad-Epas1 (400 MOI) for 36 h. HIF-2a reporter gene activity
and protein levels were detected. Values are presented as means ± S.E.M frommore than six independent experiments using different sets of primary cultures (*P < 0.05, **P < 0.005;
NS, not signiﬁcant).
Fig. 7. SIRT2 regulates HIF-2a- and NAMPT-induced cartilage destruction. (A) Representative immunostaining image of SIRT2 in chondrocytes transfected with Sirt2 expressing
vector frommore than six independent experiments using different sets of primary cultures. (B) Chondrocytes were co-infected with Ad-Epas1 and Ad-Sirt2. Left: mRNA and protein
levels of SIRT2 and HIF-2a; right: HIF-2a transcriptional activity (n ¼ 5). (C) Chondrocytes were left untreated or were infected with Ad-C or Ad-Epas1 and Ad-shSirt2. Left: mRNA
and protein levels of SIRT2 and HIF-2a; right: HIF-2a transcriptional activity (n ¼ 11). (D) Safranin-O staining (left) and SIRT2 immunostaining (right) in cartilage sections of mice
injected with Ad-C or Ad-Sirt2. (E) Safranin-O staining and Mankin score of cartilage sections from 14 mice IA-injected with Ad-C or Ad-Epas1 with or without Ad-shSirt2 (n ¼ 14).
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protein stability and transcriptional activity. Indeed, inhibition of
the NAMPT/SIRT pathway promoted degradation of ectopically
expressed HIF-2a, indicating that the NAMPT-SIRT pathway nega-
tively regulates the proteasomal degradation of HIF-2a. Interest-
ingly, SIRT regulation of HIF-2a proteasomal degradation depended
on HIF-2a hydroxylation, whereas NAMPT action was hydroxyl-
ation independent. HIF-2a-simulated SIRT activity is required for
HIF-2a- and NAMPT-induced OA pathogenesis, as evidenced by the
fact that inhibition of SIRT activity blocked HIF-2a regulation of
matrix-degrading enzyme expression in chondrocytes and OA
cartilage destruction. Additionally, the catabolic functions of the
NAMPT-SIRT pathway are exerted through enhanced HIF-2a sta-
bility and transcriptional activity.
The mammalian SIRT family is composed of seven members
(SIRT1e7) that possess NADþ-dependent deacetylase, deacylase,
and ADP-ribosyltransferase activities10e12. They are found in
different subcellular locations, including the nucleus (SIRT6 and
SIRT7), nucleus and cytosol (SIRT1 and SIRT2), and mitochondria
(SIRT3e5). Among SIRT family members, SIRT1 is the best charac-
terized and has been shown to play a protective role in OA patho-
genesis22e24. For example, SIRT1 is necessary for chondrocyte
survival, and loss of SIRT1 function causes chondrocyte
apoptosis25e28. SIRT1 also regulates cartilage-speciﬁc gene
expression29e31. It was recently reported that chondrocyte-speciﬁc
conditional knockout of Sirt1 in mice causes transiently accelerated
progression of surgically induced OA32. Similarly, Sirt1þ/ mice
show increased chondrocyte apoptosis and enhanced OA severity27,
and mutant mice carrying a variant of SIRT1 lacking enzymatic
activity show elevated rates of cartilage degradation with age33.
Collectively, these observations suggest that SIRT1 activity serves a
protective role in OA pathogenesis, although this capacity of SIRT1
does not appear to be especially marked, as evidenced by the
observation that knockout of Sirt1 promotes only the early stage of
OA progression32.
In contrast to the reported protective function of SIRT1 in sur-
gically induced OA pathogenesis, our current results demonstrate
that SIRT1 is not involved in HIF-2a- or NAMPT-induced OA carti-
lage destruction in mice. This is demonstrated by the observation
that conditional knockout of Sirt1 in cartilage tissue does not affect
HIF-2a-induced cartilage destruction. Furthermore, we found that
SIRT1 does not affect HIF-2a protein stability or transcriptional
activity in chondrocytes. Although SIRT1 is not involved in HIF-2a-
or NAMPT-induced OA cartilage destruction, we demonstrated that
inhibition of NADþ-dependent SIRT deacetylase activity blocked OA
cartilage destruction induced by HIF-2a or NAMPT, with a
concomitant inhibition of the expression of matrix-degrading en-
zymes. This indicates that NADþ-dependent SIRT activity promotes
HIF-2a- and NAMPT-induced OA pathogenesis by virtue of its ca-
pacity to regulate HIF-2a protein stability and transcriptional ac-
tivity. Among SIRT family members, SIRT2, which is the most
abundant in chondrocytes, exerted marked effects on HIF-2a pro-
tein stability and transcriptional activity. SIRT2 exhibits deacetylase
activity and localizes mainly to the cytosol10e12. This is consistent
with the regulatory mechanisms of HIF-2a protein stability. HIF-2a
protein is degraded by 26S proteasomal pathway in the cytosol,
resulting in minimal transcriptional activity. However, under
pathological conditions (i.e., under hypoxic condition), its degra-
dation pathway is blocked and accumulated HIF-2a translocates
into nucleus forming heterodimer with HIF-1b to regulate target
gene expression17. Therefore, it is likely that the SIRT2 regulates
HIF-2a protein stability and transcriptional activity, and suppres-
sion of SIRT2 activity is likely responsible for the observed inhibi-
tory effects of SIRT inhibitors on the OA cartilage destruction caused
by HIF-2a or NAMPT. Moreover, our demonstration thatknockdown of Sirt2 by IA injection of Ad-shSirt2 inhibits HIF-2a-
and NAMPT-induced cartilage destruction clearly indicate the role
of SIRT2.
In contrast to our observation that SIRT2 stabilizes HIF-2a pro-
tein without affecting its acetylation status in chondrocytes, recent
report indicated that SIRT2 destabilizes HIF-1a by regulating
deacetylation in tumor cells34. Despite many similarities between
HIF-1a and HIF-2a, these two isoforms show different sensitivity to
oxygen tension and display distinct, and sometimes opposing,
cellular activities17. Therefore, it is likely that protein stability of
HIF-1a and HIF-2a are differentially regulated by SIRT2 depending
on cell types. In addition to SIRT2, our results indicate that mito-
chondrial SIRT3 and SIRT4 also regulate HIF-2a stability. Similar to
SIRT2, overexpression of SIRT4 enhanced HIF-2a stability, whereas
knockdown of Sirt4 destabilizes HIF-2a. To the best of our knowl-
edge, this is the ﬁrst evidence that SIRT4 regulates HIF-2a stability.
However, it remains to be elucidated whether SIRT4 is also asso-
ciated with OA pathogenesis caused by HIF-2a and NAMPT.
Contrast to cytosolic SIRT2 andmitochondrial SIRT4, SIRT3 which is
a major mitochondrial NADþ-dependent deacetylase destabilized
HIF-2a stability in chondrocytes. Although we could not ﬁnd any
previous report for the regulation of HIF-2a by SIRT3, many reports
indicated that SIRT3 destabilizes HIF-1a in tumor cells35,36. There-
fore, the signiﬁcance of SIRT3 regulation of HIF-2a stability in OA
pathogenesis remains to be elucidated. Furthermore, it is of inter-
esting to reveal possible orchestration of SIRT isoforms in the
regulation of HIF-2a stability.
In summary, we demonstrated reciprocal regulation of HIF-2a
and the NAMPT-NADþ-SIRT axis in articular chondrocytes. HIF-2a
activates the NAMPT-NADþ-SIRT axis, which, in turn, promotes HIF-
2a protein stability resulting in increased HIF-2a transcriptional
activity. We also revealed that many SIRT isoforms, including SIRT2,
SIRT3, and SIRT4, are associated with HIF-2a stability regulation.
Among them, SIRT2 and SIRT4 are positively associatedwith HIF-2a
stability in chondrocytes. This reciprocal regulation is involved in
the expression of catabolic MMPs and OA cartilage destruction
caused by HIF-2a or NAMPT.Author contributions
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